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SUMMARY

An analysis has been made of a passive temperature control system
for s space vehicle which is subjected to variable solar energy. This
system effectively isolates the capsule from the incident solar energy
by the use of solar-radiation shields. The desired temperature level of
the capsule could then be maintained by a constant internal heat load.
The analysis was developed on the basis of diffusely reflecting isothermal
surfaces and permits evaluation of the temperatures of various shield-
capsule configurations. Several shield=capsule configurations were
studied and parameters were established which indicate the important
eriteria for achieving the desired temperature control.

The analysis was applied to two specific vehicle configurations
suitable for solar probe applications, and shield and capsule temperatures
were calculated as the probe traveled from 1.0 to O.1 astronomical unit
from the sun. Typical results were obtained with a solar absorptance and
thermal emittance and absorptance of 0.20 for all surfaces. For the coni-
cal capsule with a single shield, it was found that the temperature of the
shield increased from 590° to 1900° R while the corresponding temperature
of the conical capsule increased from 500° to 526° R. For a conical cap-
sule with a double shield, the temperature of the first shield again
increased from 590° to 1900° R but the corresponding temperature of the
capsule rose only from 500° to 502° R. Thus, 1t is demonstrated that
the temperature of a capsule can be controlled effectively with shield
and capsule materials which have no unusually high or low absorptance
and emittance characteristics.

The effects of specularly reflecting (instead of diffusely reflecting)
surfaces and the effects of shield thermal conductivity on capsule temper-
ature were also studied. Results from these studles were applied to the
single-shield, conical=-capsule configuration and it was found that these
effects did not significantly alter the magnitude of temperature control
achieved.



INTRODUCTION

A1l known materials, even those considered to be good reflectors,
will sbsorb a fraction of incident radiation. Thus, any space vehicle
subjected to solar radiation must absorb a certain amount of energy
which (if the vehicle is in thermal equilibrium) must in turn be radiated
from the vehicle. The amount of energy radiated, according to the
Stefan-Boltzmann law, is proportional to the fourth power of the tempera-
ture of the surface. Thus, if the amount of incident solar energy varies
over wide ranges, the temperature of the vehicle may also vary over an
undesirably large range.

This problem was exemplified in a report by Dugan (ref. 1) for a
solar probe which traveled to within O.1 astronomical unit of the sun.
For the configuration studied, probe temperature changes on the order of
hundreds of degrees Fahrenheit were calculated. However, the allowable
temperature variations of such a vehicle are restricted by the tempera-
ture limits of the instrumentation. It is indicated in reference 2 that
instruments may have to be maintained in the temperature range of 60°
to 78° F (15° to 25° C) at all times. Thus, thermal control of such a
vehicle is mandatory.

In general, two types of temperature control systems are used:
active and passive (see ref. 2). Active systems generally involve
mechanical devices, such as shutters, rotating fan blades, etc., to expose
different surface materials with different surface properties to the
incident radiation (see ref. 3). These systems may be complex and heavy
and their reliability is always less than perfect. Therefore, a passive
temperature control system is usually preferred if the desired temperature
limits can be maintained.

One type of passive system that appears to have possible application
is the use of solar radiation shields to completely isolate the instru-
ment capsule from direct solar radiation. In this case, the ambient
temperature of the capsule is a function of only the internal power of
the capsule, the capsule surface area, and the thermal emittance. The
use of such shields was mentioned briefly by Cornog (ref. 4), and Nichols
(ref. 5) studied the use of disc-type solar shields in an active control
system.

Tt is the purpose of the present study to evaluate the effectiveness
of solar radiation shields for passive temperature control of vehicles
subjected to large changes in solar energy. First, an analysis is made
of the radiant heat-transfer processes which influence the temperatures
of the shields and the shielded capsule. Then, several simple axially
symmetric shield-capsule configurations are studied and parameters are
established which indicate the important criteria for achieving the
desired temperature control. For illustration, the results are applied
to two solar probes that travel to within 0.1 astronomical unit of the
sun.
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NOTATTON

surface area, sq ft

projected surface area normal to direct solar
radiation, sq ft

area of capsule "seen" by the shield, sq ft
constants defined by equations (32) through (36)
shield thickness, ft

constants defined by equations (59) through (66)
intensity distribution function

solar flux at earth's distance from the sun,
(129 watts/sq ft)

radiative heat-transfer configuration factor

outgoing radiant flux from inner surface of the cone
(appendix C), watts/sq ft

incoming radiant flux to inner surface of the cone
(appendix C), watts/sq ft

average intensity over all angles (eq. (5)),
watts/sq ft steradian

directional intensity at viewing angle @,
watts/sq ft steradian

unit vectors along x, y, and z axes, respectively
kernel of integral equation (eq. (Cl10))

thermal conductivity, watts/oR ft

slant length of cone, ft

distance along cone from apex to surface area dA, ft



exponent (eq. (B1))

number of reflections

unit vector normal to 44, ft

radiant energy, watts

internal power of capsule, watts

radius of base of cone and radius of sphere, ft
distance from the sun, astronomical units

distance between dA; and dfy, ft

ADNEnAN M

temperature, °R

capsule temperature due to internal power (eq. (44)), °R
volume, cu ft

dimensicnless integration parameters

distance between shield and capsule, ft

axes in Cartesian coordinate system

thermal absorptance

solar absorptance

effective solar absorptance of first shield

semiapex angle of a cone, deg

separation between apexes of two cones, between center
of sphere and apex of cone (figs. 14 and 15), ft

total hemispherical emittance

conical shield orientation parameter (appendix C)

angle in the y-z plane as seen in figure 1k, deg
Fredholm integration parameter (egs. (C13) and (C1T7))
distance from apex of cone to elemental surface area or

distance from center of sphere to elemental surface
area, ft



o Stefan-Boltzmann constant (502X10712 watts/ft2 OR*)
T energy transfer factor (egs. (51) and (68))
¢ angle between the normal to an elemental area and a

line connecting this elemental area with another, deg

¥ angle from x axis to position vector p as seen in
figure 15, deg

W solid angle, steradians
Subscripts
a surface a
b surface b
c capsule
INITTAL radiation transfer with no reflections
L lower 1imit of integration
max, min limits for specular reflections
n number of reflections
s solar energy
u upper limit of integration
o earth's distance from the sun (i.e., ¥ = 1)
1 front surface of first shield
2 back surface of first shield
3 front surface of second shield
4 back surface of second shield
1st first reflection

2nd second reflection



Superscripts
* energy emitted
(-) vector notation
ANATYSIS

General Considerations

As the analysis of the radiative heat transfer associated with a
capsule shielded from solar radiation is developed, a number of "ground
rules" and assumptions are introduced. For clarity, these are collected
in the following list:

1. The vehicle, which 1s composed of a capsule and one or more
solar radiation shields, is orilented in the spatial environment so that
solar radlation is incident on only the first shield and does not strike
any other shield or the capsule.

2. The incident solar energy 1s composed of parallel rays and the
flux varles as the inverse square of the distance from the sun.

3. Solar energy is the only source of incident radiation. (Other
amounts of energy either reflected or emitted from planets are considered
negligible.)

4. The capsule has an internal heat load, Qq, which 1s constant.

5. The capsule has no concavity toward the shield.

6. The vehicle can be considered to be in thermal equilibrium at
all times.

7. No heat is conducted from shield to shield or from shield to
capsule or vice versa.

8. All surfaces emit energy diffusely, that is, the intensity
distribution has a Lambertian or cosine variation.

9. All surfaces absorb a fraction of the incident energy and this
fraction is independent of the angle of incidence.

10. The energy reflected from all surfaces is reflected diffusely,
that is, the reflected intensity distribution has a cosine variation.

11. The surfaces of each shield or capsule are isothermal, that
is, the thermal conductance is infinite.
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Radiant Heat-Transfer Processes

General equations of radiastive heat transfer from one surface

element to another.- When two surface elements, dAg and df,, located

upon surfaces a2 and b, are situated so that they can "see" one another

(see sketch) each will radiate energy to the other and a net exchange
of energy from the hotter to the cooler area will result. The net
amount of energy exchanged will be determined by the geometry, surface
properties, and the absolute temperatures of the aresas.

Surface a

Surface b

Tt can be seen from the sketch that the energy emitted from surface
dAg; through the solid angle subtending dA, is

dZQ*dAa-dAb = I(@a)dwa cos @, dAg (1)



where I(wa) is the directional intensity of radiation from surface dAg

at angle ¢, from the normal, and dw, is the solid angle to dhy,
from dA,;. This angle may be expressed as

cos ¢ dAb

dwg = = (2)
Upon the substitution of equation (2), equation (1) becomes
cos @y cos P, dA; dh
a2Q*, o, = 19y) 2 D (3)
dAa b SZ
I(p,) may be expressed in terms of the average intensity, Iy, over
surface dA, Dby the relationship (ref. 6)
I(P,)
D(¢g) = 5 (%)
av
The average intensity over dA, 1s defined as
€, 0T, 4
Iy = —a—ﬁ—a—— (3)

Substitution of equations (4) and (5) into equation (3) will yield an
expression for the energy incident upon dAb due to energy emitted
from dA, at temperature Tg:

cos @, cos @ dAa dAb
nS2

(6)

4
dZQ*dAa_dAb = €g0Ty D(Pg)

Tt should be pointed out that this equation yields only the amount of
emitted energy from dA, that is initially incident on dA, eand it

does not consider any reflected energy between the two areas.

At this point the configuration factor, dFdAa-dAb’ is introduced

and is defined as the fraction of the energy emitted by dAg; that is
incident upon dAy (see ref. 6). Since the energy emitted by dhg
is eaoTa‘dAa and the amount incident upon d#, 1s given by equa-
tion (6), the configuration factor from dAg to dAy, may Dbe written as

(1)

AW AN =
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and equation (6) may then be rewritten as

dZQ*dAa"d.A-b = eaOTa4dFdAa_dAb dAa (8)

Radiant heat transfer between two finite surfaces.- It is possible
to compute an average configuration factor for any two finite surfaces
and any given intensity distribution, D(@a), by integration of equa-
tion (7). TFor the present analysis, all surfaces will be assumed to
emit energy with a Lambertian or cosine variation (i.e., D(®) = 1) and
the resulting equation 1is

1 Jf [ cos @, cos B dA, dAb (9)
A 2

F = —
a-b
Ag, a iy 7S

Integration of equation (9) can be accomplished with the use of high-
speed electronic computers, and the techniques for several geometric
configurations are given in appendix A.

If it is assumed that the surfaces are isothermal (i.e., the material
has infinite thermal conductivity), the energy emitted by surface a that
is initially incident on surface b can be expressed as (from eg. (8))

CLAT N €,0Ta Fy 1B (10)

Tf the absorptance of surface b ig assumed to be independent of the angle
of incident radiation and is a constant, oy, the amount of energy emitted

by surface a that is initially absorbed by surface b is

(Qa;b)INITIAL = OLbeaGTa‘tFa.bAa (11)

Since no surface is a perfect absorber (i.e., @ < 1), the reflected
energy must be included in the analysis. Following the method proposed
by Christianson (see ref. 7) the reflected energy is considered as
follows: Eguatilon (ll) gives the initial amount of energy absorbed by
curface b. The fraction (1 - o) of the amount given in equation (10)

is reflected. Assuming this energy is reflected in the same manner &as
energy is emitted (namely, with a Lambertian or cosine distribution) then
the amount

(Qan-a)lst = Fb-a(l - OE’b)“:a"Ta‘kFa..bAa (12)
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is incident on surface a. The fraction, ag, of this energy is absorbed
by surface a and again (1 - ay) times this energy is reflected. Thus,

a second amount of energy will be absorbed by surface b and it will be

(Qaéb-an)znd = abeacTa4AaF§_be_a(l = O{’b)(l - ag) (13)

Again some energy is reflected from surface b and it can be seen that
for an infinite number of reflections the total energy absorbed by sur-

face b is
[vo]
’ n n
%%=%%ﬂ;%m%§}1w%ﬂl-%)ﬂ%%ﬁ (14)
n=o

Since all terms in the summation have values less than 1, the binomial
theorem can be used to reduce equation (14) to the closed form

. i mbeadTa4Fa.bAa (15)
a=b 1= (1 =g )(1 - o)y pFyon

Equation (15) is an expression for only the heat transfer from surface a
to surface b. In order to perform a heat balance, a similar equation for
heat transfer from surface b to surface a would have to be written.

Energy emitted by a single concave surface.- If any surface, called
surface a, can "see itself" (such as the concave surface of a right cir-
cular cone), the surface will have an average configuration factor to
itself, Fg., (see appendix A). Thus, the amount of energy emitted by
surface a that is initially incident on itself is

(Qa‘a)INITIAL = €50T*Fg ghy (16)

With the use of an analysis similar to that presented in the previous
section, the total energy incident on surface a, considering an infinite
number of reflections, can be shown to be

Qog = eaUTa‘Fa-aAa
-a

1 - (1 - ag)Fy s (x7)

and, therefore, the energy radiated from the entire concave surface 1is

_ (1 - Fuon)€a0Ta Ag

1 -(1 -0g)Fyg (18)

Qa*

Ul Ul
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Solar energy absorbed by a single concave surface .- The amount of
solar radiation incident upon a concave surface 1is (E/fZ)AX. Again,
there will be reflections within the concavity which can be summed in
the same manner as in the two previous sections and the total energy
absorbed by surface a can be shown to be

52
e (B/FF)A, (19)

88 1 - (1 - agg)Fg.g

where agg 1s the solar absorptance of surface a. It can be seen from

the sbove equation that as Fy., approaches 1 (the interior surface of
a long slender cone approximates this case), surface a absorbs energy
more nearly like a perfect absorber (ag = 1), regardless of the value of
solar absorptance.

Applications to Shield-Capsule Configurations

Single shield confilguration.- It is now possible to apply the derived
equations of radiant heat transfer to the case of a single solar radiation
shield between a capsule and the incident solar energy.

Iet subscripts 1 and 2 refer to the shield's sunlit (front) and
shaded (back) surfaces, respectively, and let the subscript c refer
to the surface of the capsule. From eguation (19) the total solar energy
absorbed by surface 1 is

OLs:.(E/Ezmx

Qeqy = (20)
ST 1 - (1 = as1)Fyoy
The energy emitted by surface 1 (from eq. (18)) is then
1 = Fyep)Ayeq0Ty?
Qu* = ( 1-1)A1€10Ty (21)

1-(1-03)Fi

The heat balance between the shield and capsule is not easily
analyzed by the methods presented here if either the shield or capsule
has a concavity. The present study is therefore simplified by assuming
no concavity on the capsule. In addition, to simplify the analysis of
the case where the shield has a concavity toward the capsule (Fa.z > 0),
the analysis as presented also neglects the relatively small amount of
energy that is reflected from the capsule back to the shield, is then
reflected from one part of the shield to another, and is then eventually
either absorbed in the shield or capsule or dissipated to space.
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The energy emitted from the back surface of the shield can be
determined in a manner similar to that required for equation (21).

1 = Fpup)ApepoTo?
Q¥ = ( 2=2)Az€20T> (22)
1-(1 =ax)Fap

The energy emitted from the shield, reflected from the capsule, and
reabsorbed by the shield will consist of two components. The first will
be the energy that is emitted directly to the capsule, is reflected from
the capsule, and is reflected back and forth between the shield and
capsule.

F o oFoupl(l = ac)€2A20T24
Qomgcmz = (23)
1 - (1 =ap)(l = a)FoueFous

The second component will be the energy that is emitted from the shield
directly to itself, is reflected within itself any number of times, and

is then reflected an infinite number of times between shield and capsule.

F o oFoaoFoan(l = ap)(1l - %)€2A20T24 (24)
[1 - (l - CI'2)(1 = CI'c:)]-:‘E-ch:--z][l - (l - G'2)17‘2-2]

Qe=z=cez =

The capsule has its own temperature, T,, and will radiate energy to the
shield. The amount absorbed is

1
O“ch:-zAc"50‘5Tc4 + as(l - OL2)F2-2Fc-2Ac':€c0Tc4

Qc-2
1= (1 -a2)(1 - o)FaucFenz 1-(1 ~ay)Fas

2 2 '
aoF oo oFocFoaa(l = a2) (1 - ag)A e 0T *

(25)
[1 - (1 = az)(l - ag)FamcFoaalll - (1 - aps)Fsos]

where Ag 1s the area of the capsule "seen" by the shield. By the
reciprocity theorem (ref. 7)

Fompho = Fomchp (26)

AL AT s
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Equation (25) may now be rewritten as

@eFpocho€coTe? N apFooFaac(l = az)hzeoTe®

1= (1 - ap)(l = ag)FaucFe-2 1 -(1 = az)Fzaz

Qe-2 =

2 4
FaosFocFe-a(l - a5 )3(1 = op)AzeqoTe

¥ [1 - (1 = ax)(l = 0p)Fa—cFce-zl[l - (1 - a)Fz-2]

(27)

A heat balance may now be made upon the shield. Since there is no
internally generated heat:

HEAT ABSORBED = HEAT EMITTED

In most practical configurations, the shield will be thin so that A; = A
and Ty = Tp. The heat balance may now be evaluated from equations (20),

(e1), (22), (23), (24), ana (27):

as1{E/F2)Ax @oFzcFe-z(l = G )€pAz0To* + asFo-chpecoTe® N aoFaosFeoo(l - ap)Azecolc?

1 -(1~ag1)F1-1 1 - (1 -ax)(l - ae)Fa-cFe-2 1-(1 -az)fz-2

WaF s gFoumcFe-z(l = @)1 - ag)eshooTo* + @FpopF2 Feoa(l = a2)?(1 - ao)AzecoTe”
[1 - (1 - ax)(1 - ag)FoeFe-2][1 - {1 - az)Faz]

(1 - Fy-1)hzeioTo* (L - Fpoz)Ap€ools?
1 - (l - CL]_)F]_-]_ 1 - (l = CI’2)F2-2
(28)

Similarly, a heat balance on the capsule may be made and evaluated
to give

HEAT ABSORBED + INTERNAL HEAT = HEAT EMITTED

or

“CFZ-CA2€20T24 + aach_c(l - Qz)AZEcUTc4

[1 - (1 = on)Famp][l = (1 = az)(l = a¢)FamcFc-2l

+ Q) = €.h.oT*
(29)

Equations (28) and (29) may be solved simultaneocusly for capsule tempera-
ture and shield temperature as a function of surface properties, geometric
configuration, internal heat, and distance from the sun:



Lk

1/4
(30)

T [(BIB4/52) + B2Q |
¢ BzBs - B3Bs

[(BlBs/fa) + BaQyq |

T
2 BoBg - BaBg

(31)

where

Ag1AxE
B, = -== (32)
1 ~-(1 -ag1)F1-1

(1 = Fy_1)Azey0 . (L - Fa.z)Azez0
1 -(1-03)F.; 1 =(1-0az)Fae

2

UsFpasFowcFema(l = as)(1l = o )eshno

[1-(1 ~0a2)(1 = ac)FaucFe-2lll = (1 - ap)Fa-2]

WoFpeeFean(l = ac)ezhso

1 - (1 = az)(l = e )FaucFc-2

(33)

WoF o cAs€n0 UpFoaoFpan(l - ap)Azeso
1 -(1 -ax)(1 - ag)FocFeez 1-(1-ap)Fzz

Bg =

. AoFp-oFa—cFo-z(l - az)¥(1 - oo )Apeco (34)
[1 - (1 = ae)(l - ac)FacFe-2l[l = (1 - az)Fz-z2]

AeFomchz €20
B =
* T - (1 - a2Faalll - (1 - @)L - 6o FaccFezl (32)

aeFa-c(l = az)Aseco
[1 - (1 = ap)Faz]ll - (1 = ax)(1l = ag)Fa-cFc-z]

Bg = €.A,0 -

(36)
The total energy absorbed by the capsule may now be found by the

substitution of equation (30) for the capsule temperature into equa-
tion (29) for the heat balance on the capsule:

(37)

1B4/T3) + BgQi} - o
1

(B
TOTAL HEAT ABSORBED = = €.A~C (
e T Sehed | TH BT Ban,

Uw e
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This absorbed energy consists of two components, (a) that due to solar
irradistion and (b) that due to reflection and reradiation by the shield
of the internal energy, Q4. These two components may be evaluated by

eliminating first, the effect of internal energy (i.e., Qi = 0) and

second, the effect of solar energy (i.e., T = »), The energy absorbed
as a result of solar irradiation is found to be

B1B./T?
€.A,0 (BzBs s (38)

i}

Qes
or for ¥ = 1.0

_ B1B4
Qeso = €chel <B___*—.2B5 T Bab (39)

The absorbed energy due to reflection and reradiation from the shield of
emitted internal energy is

- - N
Sei = Sehef <BzBs - BsB4> U (40)
or

Q—; = €uhc0 S - TE 1 (k1)

From egquations (30), (38), and (40) the temperature of the capsule
can be written

1 Y 4 1/ 4
T, = <€0ACU) <ch + Qci + Qi> (42)
or
1/ 4
_ Q3 cho> _}_) Qci U4
Te = (ecAcU> [ AN /A T (+3)
Let

Q’i 1/ 4
TQi - (ecAcc> ()
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which 1s the temperature the capsule would attain with no incident solar
energy and no shield attached to the capsule. Therefore, equation (43)
can be written in dimensionless form as

S CIIOR S A

If one wishes to compute a fractional capsule temperature change from the
capsule temperature at the earth's distance from the sun (¥ = 1.0), the
equation becomes

- 1/ 4 1/ 4
TCT T - [: QAC SO> <r2> 4 o—_— 4 l:l - 9.%.8_0. + g-:-ci + l> ().].6)
Qi i i

For a specific value of T the capsule temperature change is
dependent on the magnitude of cho/Qi‘ If equation (39) is divided

by Qi, the resulting equation is

Qeso _ €chceo B1Bs
= Iy
Q4 Qy <;2Bs - BsB (47)

It becomes convenient to define an effectlive solar absorptance of the
solar shileld as

= Os1 L8
(ol = T (48)

which, when substituted into equation (32), yields

By = (“s1)EFFAxE (49)

Substitution of equation (49) in (L47) yields

Qug
Q

E

[e"‘AC" (BZBS =B J (50)

The product of the first two quantities on the right side of the equation
is the ratio of the solar energy absorbed by the shield at r = 1.0 to

the internal power of the capsule. Therefore, the last term must be the
ratio of the energy absorbed by the capsule (due only to solar irradiation)
to the solar energy absorbed by the shield, and is a function of only the
shield=-capsule configuration and the thermal emittances and absorptances
of each of the surfaces. (The same ratio can be obtained from equa-

tions (20), (48), (32), and (38).) This ratio is a measure of the ability

i \Jl
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of a shield-capsule configuration to transfer absorbed solar energy from
the shield to the capsule and is termed the energy transfer factor, T.

Thus,

B
T = €.h.0 (%EE;—%—§;§Z> (51)

and with this substitution, equation (50) becomes

Q AE
20 - (a3 e () 7 (52)

i

The above equation shows the relationship of parameters that will, in
turn, affect the temperature change of a capsule (eg. (46)) subjected to
various amounts of sclar energy.

Double-shield configuration.- The energy incident upon the capsule
may be further decreased by the use of multiple shields. Because of the
increased complexity of the resulting equations, only the effects of
placing a flat shield (disc) between the primary shield and the capsule
will be studied. The methods used to determine capsule temperature are
similar to those used in the preceding section for the single shield.
Again for thin shields A; = Ap, Ty = Tz, Ag = A4, and Tg = T4. A heat
balance on the first shield ylelds

as1(E/F?)Ax aoF2-pFa-n(l = ap)eshsoTs® AoFamn€ahs0Ta? + aoFooaFaou(l - agleshzoTa?

1 -(1 -agy)F1-1 1 = (1 -~az)fsap 1 -(1 -op)(l - ag)FaagFa-z

, @2F2-2F2-oFa-2(1 = ap)(1 - ag)ephaoTo? + ogFa-oFo-oF5-p(1 = 6)(1 - a)eaheoTs®
(1 - (1 - a2)(1 - ag)Fa-aFa-2][1 - (1 = 22)Fa-z]

(1 - Fyop)hpeioTe* (1 - Foop)hzepoTot
1= (1 -og)Fiay 1 -(1 =-w2)Fauz
(53)

Similarly, the heat balance on the intermediate shileld will give

@aFpeahoeaoTe® + agFooa(l - ap)F3-peahaoTs®
[1-(1 = ax)Fo-p]ll - (1 = ax)(l - a3)Fo-gF3-2]

+ @aFg-cEchaoTc® + agFc-a(l - ac)Fa—chgeqaoTs® _ As0Ts*(es + €4)
1 - (1 - ag)(l = ag)Fe-cFc-s (54)
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Finally, the heat balance on the capsule will yield

oF gechs€a0Ts? + acF50(1 = ag)hgecoTe®
1 = (1 = ag)(l - 0 )FencFcoas

+Qq = ecAqoT* (55)

Upon solving the three heat balance equations simultaneously for the
temperatures of the capsule and the shilelds, the following equations
are obtained:

) [(010407/52) + (CaCs_- CzC4)Qi}lj4 (56)
¢ CaCsCs - CaCsC7 = C2C4Cs
T, = (C1C4Ca/T?) + CaCsQi TJ4 (57)
4 7 | CaCals - CaCsCr - CoCaCe
) {T(clcscs - 0,05C5)/73] + gzchi}}’4 (58)
2 CaCaCs - CaCsC7 = C2CaCs
where the constants C; through Cg have the values
Cy = (59)
171 - (1 - agy)Fi-g
o = WzF3-2€3R40 N oFooFaap(l = 0p)€ahso
5 =
1 - (1 -ap)(l - ag)Fza-afa-2 1-(1 =az)fz-z
2
°~2F2-2F2-3F§-2(l - az)7(1 - ag)eahqo (60)

FIT - (T - 22)(1 - ag)Fa-aFazlll - (1 - az)Fz-z]

(1 = Fia1)Azey0 N (1 - Foz)Azez0 _ sFp-gF3-2(1 = @g)€xAz0

Cs =
1 -(1 =ay)F1o; 1 -(1 =ap)feez 1 - (1 - az)(l - ag)Fo-aFz-2

0oFpoFonmaFa-a(l = az)(l - ag)ezhzo

- (61)
[1-(1 - ax)(l - ag)FacgFz-alll - (1 - az)Fa-s]
&3F2_3A2€20
= €2
Ce [1 = (1 = ax)Fauzlll - (1 - ax)(1 - ag)Faafa-2] (62)
CS G'4F4'C €CA40 (63)

1= (1 - ag)(l = og)FecFc-e

AN
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@aFzoa(l - 0p)F3-p€3h40
[1 - (1 =-az)Pa]ll - (1 - ax)(1 = ag)Fa-gFa-2]

Ce = A4(€3 + 64)0 -

- G’4FC-4(1 = Qe )F4-CA4€40 (6]4')
1 =-(1 -ag)(1l ~ ac)Fa-cFc-a

UoFgochy€q0
= 6
1 - (1 -as)(l = oc)Fe-cFc-4 (65)

C~

G’CFE-C(l - a‘4)A~4-€CU (66)
1 = (1 = ag)(l = ag)FaccFeas

Cg = €CACO -

The temperature change of a double-shielded capsule is again given
in terms of energies by equation (46) where

Qoi < CaCs = C2C4 )
—_—= e Ao -1 6"(
Q4 €7 \CaCeCs = C3C5C7 = C2C4Cs (67)

and cho/Qi is glven by equation (52). The energy transfer factor
is now

C4Cor
T = Eeheo (;scscs = CaCsCy - c2c4c;> (68)

and (QSI)EFF is gilven by equation (48).
RESULTS AND DISCUSSION

The equations presented in the Analysis sectlon of thls report
provide the tools required for evaluating solar=-shleld-type passive
temperature control systems. First, the effects of shield-capsule con-
figuration, solar absorptance, and thermal emittance and absorptance on
system performance will be studied. Second, the analysis will be applied
to the temperature control problem of a solar probe to demonstrate the
effectiveness of the solar=-shield-type temperature control system. Third,
the limitations of the analysis will be discussed.
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Capsule Temperature Change

The purpose of any spacecraft temperature control system is to
minimize the changes in capsule temperature while the vehicle is traveling
in a prescribed trajectory. Equation (46) expresses the capsule tempera-
ture change (the reference temperature, Too, 1s the capsule temperature
when the vehicle is 1 astronomical unit from the sun) in terms of the
parameters, QCSO/QiJ Qci/Qi: and r. For the more practical configurations
studied, the parameter Qci/Qi (eq. (¥1)), is very much less than 1. (The
magnitude of Qci/Qi will be shown later for various configurations.)
Therefore, equation (46) can be reduced to

Tc - Teo [ ch#) <1:> Jl/4 <écso >l/4
= =) +1 - +1 (69)
TQi Qi Fe Qj_

Results from the above equation are shown in figure 1 to indicate
capsule temperature change as a function of the parameter, cho/Qi: for
vehicles which travel from the earth to various distances from the sun.
It can be seen that for a prescribed temperature change of the capsule,
the value of the parameter cho/Qi must become smaller if the mission
requires that the vehicle travel closer to the sun. Thus, the parameter
cho/Qi is a measure of the temperature-control-system performance.

Equation (52) shows that cho/Qi is simply the product of the
parameters (QSl)EFF’ (AxE/Qi), and T. The quantity, A.E/Q;, is the ratio

of the amount of solar energy incident on a vehicle at the earth's dis-
tance from the sun to the internal power of the capsule. Generally, the
frontal area of the vehicle 1s chosen as a deslgn parameter and the
internal power is dictated by the payload instrumentation. Thus, one
will not generally have a wide choice of the value of AXE/Qi for any
specific vehicle. Minimization of cho/Qi will then reguire minimiza-

tion of the product of (CLSJ_)EFF and 7. The effect of shield-capsule

geometry on these parameters is discussed in the next two sections.

Effective solar absorptance.~ The effective solar absorptance is
given by equation (48). For a shield which has a concavity toward the
sun, there will be a configuration factor to itself, Fj-; (see appen-

dix A), and the effective solar absorptance will be greater than the

solar absorptance of the material by itself. In the case of a conical
shield with the open end (base of the cone) toward the sun, the configura-
tion factor to itself becomes

A
F1_1=1-K-?-=l-sinﬁ (70)

W \J1 =
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where [ 1s the semiapex angle of the cone, and the effective solar
absorptance from equation (48) becomes

Lga
1 -(1 =~agy)(l - sin B) (1)

(G’Sl)EFF =

Results from this equation are presented in figure 2. It can be seen
that for small cone angles the effective solar absorptance approaches 1.
This exemplifies the ability of a long slender cone to absorb energy more
nearly like a black body even though the absorptance of the material is
relatively low. Thus, it is seen that the effective solar absorptance
can be several times the solar absorptance of the material.

Energy transfer factor.- The energy transfer factor, 1, for a single-
shield configuration is expressed in equation (51). It is the fraction
of the solar energy absorbed by the first shield that is absorbed by the
capsule. As indicated by this equation, the energy transfer factor is
dependent only on the shield-capsule configuration and on the thermal
emittance and absorptance of the shields and capsule. The effects of
these parameters for typical configurations are shown in figures 3
through 5.

Energy transfer factors are shown in figure 3 for a conical-shield,
conical-capsule configuration with various conical-shield semiapex angles
and several values of thermal emittance and absorptance. The configura-
tion is shown on the top of the figure and the radius of the base of the
conical shield is chosen to be equal to the radius of the base of the
conical capsule for all shield semiapex angles. In addition, these results
are for the case where the thermal emittance and sbsorptance for all
surfaces of the shield and capsule were identical (i.e., oy = € = ap =
€5 = Qo = €).

It can be seen from figure 3 that for this particular configuration
and the range of « and € presented, the energy transfer factor, T,
varies by four orders of magnitude. The highest values of T occur
at B = 1690 where the shield completely encloses the front of the capsule.
The lowest values of T occur at the lowest values of B, «, and €.

In order to show the effects of capsule configuration, T was also
computed for a conical-shield, spherical-capsule configuration and the
results are compared with the conical=-capsule configuration in figure b,
At particular values of B and @ = €, T 1s at least twice as great for
the spherical capsule as it is for the conical capsule. This results
from the higher configuration factors between the shield and spherical
capsule.

The configurations studied so far have had a fixed distance between
the apex of the conical shield and the capsule. Effects of variation of
this distance on T are shown in figure 5 for two conical-shield angles
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and two values of o« and €. It can be seen that Tt decreases with an
increase in distance between shield and capsule. Also note that the
change in 7 due to increasing x/R from O to 1.0 is of the same order
of magnitude as that due to changing B from 90° to 45°.

Multiple-shield configurations can be expected to yileld smaller
values of T then the single-shield types. Thus, the analysis was
extended to the double-shield capsule configuration where the first
shield can be of arbitrary shape and the second shleld is a disc. Energy
transfer factor, T, is expressed by equation (68) and results from this
equation for the configurations chosen are shown in figure 6. It can be
seen that for B = 45° and @ = € = 1.0 or 0.1, the position of the disc
does not appreciably change T. Even with pB = 90° and o = € = 1.0, the
position of the disc has little effect on . However, for B = 90°
and & = € = 0.1, the position of the disc has a pronounced effect on 7
because, as the two parallel discs approach each other, the reflected
energy suffers more reflections, and thus more absorption, between the
parallel discs and less energy is dissipated to space.

A comparison of figures 5 and 6 indicates that, for given values
of B, o, and €, the double-shield configuration has substantially smaller
values of T than does the single-shield configuration. The greatest
decrease occurs for the lower values of o and €. In general, the com-
bination of highly reflecting surfaces and multiple-shield arrangements
will yield the lowest values of .

The foregoing results presented in figures 3 through 6 were taken
from a complete set of calculations made with an IBM 7090 computer for
single=- and double-shield configurations and both conical and spherical
capsules. The input variables were conlcal shield angle, distance from
the shleld to capsule, and thermal emittance and absorptance. These
calculations yielded configuratlon factors, T and Qci/Qi! which are
tabulated in tables I through IV. The configuration i1s shown at the top
of each table and, in these calculations, the thermal emittance and
absorptance of the shields were chosen to be the same as those for the
capsule. Note that for most practical configurations, the ratio Qci/Qi
is very much less than 1.0 and, therefore, as mentioned before,
equation (69) can be used to calculate capsule temperature change.

Equilibrium Temperatures of a Solar Probe

It was indicated in the Introduction that one of the most severe
thermal control problems of space vehicles was that assoclated with a
solar probe which would travel from the earth to within 0.1 astronomical
unit of the sun. Results from the foregoing analysis are applied to this
problem to demonstrate the use of solar radiation shields in a passive
temperature control system for a space vehicle subjected to variable solar
energy. The configurations chosen are only typical and have not been
optimized in any respect.

U1 WA\ >
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Figure 7 shows the configurations that were studied. The probe is
assumed to be a vehicle with a total capsule volume of 4.0 cubic feet
and an internal heat load, Q4, Of 100 watts. The conical capsule has a

length to diameter ratio of 2 and its total surface area (including the
base) is 15.61 square feet. The emittance of the capsule surface is
chosen so that the surface temperature is 500° R when no external energy
is absorbed by the capsule and no shield is attached, that is, Ty

is 500° R. The resulting thermal emittance of the capsule, &, is 0.20.
For simplicity in this analysis, thermal absorptance, o, and thermal
emittance, €, of the shields are chosen to be the same as €. Two values
of solar absorptance, dgy, of 0.2 and 1.0 were chosen since most materials
have solar absorptances in this range.

Equilibrium temperatures of the capsule were computed from
equations (30) and (56) as a function of distance of the probe from the
sun, end the results are plotted in figure 8. It can be seen that for T
in the range from 0.1 to 1.0 and agy = 0.2 the capsule temperature change
is 2609 F for the single-shield configuration and only 2° F for the double=
shield configuration. TFor agy = 1.0, the corresponding capsule
temperature changes are only 80° F and T° F, respectively.

For comparison, the equilibrium temperature of the same capsule
without solar radiation shields is

- () () () sl ()

vhere €, is again 0.20 and ratios of msc/ec are set equal to 5.0, 1.0,
and 0.1. The results are shown in figure 9. For asc/ec equal to 5.0
and for T in the range from 0.1 to 1.0, the temperature change is

about 1490° F. Even for @sc/ec equal to 0.1, the capsule temperature
change is about 360° F.

Thus, for this example, the use of solar shields can reduce the
capsule temperature variation by at least one to two orders of maegnitude
from that attainable with an unshielded capsule. Moreover these low
temperature variations can be achieved with conventional materials with
no unusual emissive or absorptive properties.

Shield materials will be chosen not only for their absorptive and
emissive properties but also for their ability to withstand the tempera-
tures they will reach in the spatial enviromment. The shield temperatures
for the solar probe configurations were computed from equations (31), (57),
and (58) and are shown in figure 10 as a function of distance from the sun.
A F = 0.1 the maximum shield temperature is about 2620° R for the 45°
conical shield with agy = 1.0; the corresponding shield temperature
with agy; = 0.2 is only 1900° R. These temperatures are below the maxi=-
mum allowable temperatures of various materials but indicate that care
in selection of the first shield material is necessary. The temperature
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of the second shield (disc) is appreciably lower than that of the first
shield and should present no unusual problems in material selection.

Also note that the temperature of the 450 conical shileld is the same
whether the shield is the only shield (as in the single shield configura-
tion) or the first shield of the double=-shield configuration. These
results indicate that, for these configurations, the presence of the
capsule with its internal power and/or the intermediate shield has a
negligible effect on the first shield temperature.

Tt should be noted that the above results are for agi/e of the
shields of 1.0 and 5.0 with the highest shield temperatures corresponding
to the highest &sl/e. Thus, lower shield temperatures will be obtained
with materials which have lower values of agy/ €.

The results of the equilibrium temperatures of a solar probe have
been shown for the specific sizes shown in figure 7. These results are
also applicable to any other size of vehicle which is geometrically
scaled and where the ratio of internal power to capsule surface area 1is
the same.

The equilibrium temperatures of a solar Probe have been presented
for the case where the frontal area of the first shield is the same asg
that for the capsule. Tt is recognized that when the probe approaches
the sun, the first shield frontal area will have to be larger than the
capsule frontal area to shade the capsule completely. For the single~-
shield, conical-capsule configuration shown in figure Y(a), complete
shading of the capsule at 0.1 astronomical unit requires the radius of
the first shield to be increased to 1.255 feet; the frontal area of the
shield would then be increased by 63 percent. As this probe travels in
the range of 0.1 S.f < 1.0, the capsule temperature changes are 36°
and 110° F for ag; = 0.2 and 1.0, respectively. The corresponding
capsule temperature changes for the probe with the smaller shield (see
fig. 8) are 26° and 80° F, respectively. Therefore, an increase in
shield frontal area relative to capsule frontal area does increase the
temperature change of the capsule but does not significantly alter the
magnitude of temperature control achieved.

Limitations of Analysis

One basic assumption used throughout the Analysis section of this
report is that the shield and capsule surfaces emit energy in a Lambertian
or cosine distribution (i.e., D(¢) = 1). If one wishes to use a different
intensity distribution functiocn equation (9) must include this function
under the integral (see eq. (7)3 and the method of determining
configuration factors given in appendix A must be modifieqd.

AR AT
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Two additional assumptions made in the analysis deserve consideration
in terms of their influence on the magnitude of temperature control which
can be achieved. These assumptions are (a) that the surfaces reflect
diffusely and (b) that the thermal conductivity of the shields and cap-
sule is infinite. The effects of these assumptions are evaluated by
comparing results of the foregoing analysis to the analyses for the cases
of specular reflections and zero thermal conductivity. These analyses
are presented in appendixes B and C, respectively, and the results are
applied to the single=-shield, solar=-probe configuration as an example.

Specular reflectance.=- Because of the complexity of a specular
reflection analysis, it was possible to evaluate only the limiting cases
of meximum and minimum energy transferred to the capsule and the corre=-
sponding maximum and minimum capsule temperatures. These temperatures
were calculated for the single-shield, solar-probe configuration (see
fig. 7(a)) as a function of I and are presented in figure 11 along with
the results of the diffuse reflection analysis. At T = 0.1, the maximum
capsule temperature is 5370 R for the specular reflection case as compared
to 5260 R for the diffuse reflection case. It can also be seen that at a
particular value of T, both the maximum and minimum capsule temperatures
for the specular reflection case are higher than that for the diffuse
reflection case. This is a result of the relatively high (a51)EFF for
specular reflections in the 45° conical shield example. (See appendix B.)
Thus, it can be seen that differences in capsule temperature can result
which might be significant between the cases of specular and diffuse
reflections.

The results in appendix B indicate that (mSl)EFF and T for the

case of specular reflections vary considerably from those for the case

of diffuse reflections as the conical shield angle is changed. Therefore,
capsule temperatures will also vary between the two cases. The tempera-
ture changes of the conical capsule with a single conical shield of
various semiapex angles were computed for the specular and diffuse
reflection cases as the vehicle traveled from r of 1.0 to 0.1. The
results are shown in figure 12. It is evident that for B less than 500,
the percentage temperature differences between the specular and diffuse
reflection analyses are substantial although the actual temperature
differences are only about 10° F. For 50° ¢ B ¢ 90°, the specular
analysis indicates capsule temperature changes slightly smaller than
those for the diffuse case. For § > 90°, the large differences 1n
capsule temperature change result from the differences in energy transfer
factor for the diffuse and specular analyses as discussed in appendix B.

Shield thermal conductance.- From the practical viewpoint, the
capsule of a solar probe can be considered to be isothermal whereas a
shield constructed from thin materials may not be able to conduct heat
along the shield and appreciable temperature gradients may exist.
Appendix C contains an analysis for computing the temperature distribu-
tion along a radial line of the cone which has a finite thermal
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conductance and 1s exposed to solar radiation. In order to determine
the effects of thermal conductance on the capsule temperature of the
single=-shield, solar-probe configuration, the analysis was applied to

a 459 cone of zero thermal conductance to determine the maximum and
minimum temperatures the conical shield could attain. It was then
assumed that the entire shield was maintained at these extreme tempera-
tures and the corresponding capsule temperatures were computed. The
results are shown in figure 13 along with the infinite thermal conductance
results. At r = 0.1, it can be seen that with zero conductance the
maximum capsule temperature is approximately 542° R and the minimum

is 523° R; whereas the infinite conductance results show a capsule tem-
perature of about 526° R. Thus, when one considers that these results
are for extreme limits, it appears that the analysis as presented in
this report yilelds reasonable approximations for capsule temperatures
even when low=conductance shields are used.

CONCLUDING REMARKS

It has been shown that shields can be used to effectively isolate a
capsule from direct solar radiation and, thereby, achleve passive tempera-
ture control of a space vehicle subjected to variable solar energy. The
ambient capsule temperature is then primarily a function of internal
power, surface area, and thermal emittance.

An analysis of the radiative heat-transfer processes for simple
axially symmetric shield-capsule configurations indicates that the
required temperature range of an instrumented capsule may be maintained
with materials that have no unusually high or low absorptance and
emittance characteristics.

Examination of two basic assumptions made in the analysis, (a)
diffusely reflecting surfaces and (b) isothermal surfaces (infinite
thermal conductance), indicates that no serious changes in magnitude of
temperature control will be incurred if the analysis is applied to
vehicles that have specularly reflecting surfaces or thin shields (i.e.,
zero thermal conductance).

The analysis of the radlative heat transfer assoclated with a capsule
shielded from solar-radiation was applied to configurations with only
conical and flat-disc first shields whose frontal areas were the same as
the frontal area of the capsule. However, the analysis can be applied
to any first-shield configuration for which configuration factors can be
calculated and for which direct solar radiation 1s incident on only the

W \Jl
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first shield (i.e., the capsule snd/or additional shields are in shadow
at all times). Thus, if a space vehicle requires the use of a parabolic
solar collector, this collector can also be used as a solar radiation
shield for other components of the vehicle.

Ames Research Center
National Aeronsutics and Space Administration

Moffett Field, Calif., Dec. 27, 1961
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APPENDIX A

DETERMINATION OF CONFIGURATION FACTORS
FOR CONES AND SPHERES
The calculations for the configuration factors between two cones

and a cone and a sphere were performed with an I.B.M. 704 computer. The
necessary equations for these computations are derived in this appendix.

CONFIGURATICON FACTOR BETWEEN TWO CONES

The geometric configuration for two cones 1s shown in figure 1k.
The coordinate positions of points on each cone, the distance between
the points, and the unit normals toc the cone surfaces at the points are
shown as vectors. These vectors may be expressed in component form as

g = pa(i cos B, + J sin B, sin 65 + k sin By cos 8,) )

5, = pb(i cos By + J sin By sin 6, + k sin By cos Gb)

Tg = -1 sin By + J cos By sin 85 + k cos By cos 84 P (A1)
Ty = 1 sin By -~ J cos By sin By - k cos Py cos 6y
B = 18 J

The distance vector between the two points is

The angles, 95 and @y, between the distance vector and the normals
to the surfaces can be obtained from the scalar product relationships:

cos @, = = ?i_:_i = - Ha "o +.ﬁa ) 65 )
a Inl| S| [ S|
_ > (43)
% -85+ -5
_ b b a
cos @ = 5]
J
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The elemental areas located at T, and p, are given by

dA, = pg sin By dog 48y

(Ab)

Ahy, P, sin Bb dpy, 46y,

Equations (Al) are substituted into equations (A2) and (A3) and the
resulting equations together with equations (AL) are substituted into the
expression for the configuration factor, equation (9):

) ‘i;JGQQP{? sin Ba - a {sin By cos By - sin By cos By cos (6, = 0 >1}

{5 sin By, - p, [sin B, cos By, cos(@, - eb) - sin By, cos Ba]} Py Py, Sin B, sin By, dp, dp, 48, 39y

{52 + 28( p, cos By - P, €08 B.b) 2 ¥ pb - 20,0 [cos B, cos By + sin By sin By cos( - eb)]j

(A5)

Because of axial symmetry, one integration can be readily performed and
equation (A5) reduces to

. L L, .8

L i a - u

Foop = __sw_s_n_a_bi. f J[ f [6 sin B, ~- Qb(sin B, cos By - sin By cos By cos a)]
Ay o (o o

[6 sin By - pa(sin By cos Py, cos 6 = sin Py cos Byl Pafy, 4oy dny d6

[82 + 25(9&

cos By - A, cOs B.b) + paz + pb2 - 2papb(cos Bg cos By + sin By sin By cos 6)17
(a6)

where 6 = (64 - Gb) and Lg and Ly are the slant heights of the respec-
tive cones. The largest value that 6y (6y 1is the upper limit of 8)

can take is =n radians and this limit will be restricted by the situation
where the dilstance vector, S beccmes tangent to one of the conical sur-
faces., This condition is equivalent to cos g =0 or cos @y =0 which
gives, from equations (A3), two possible values for Oy:

tan B
cos By = S <}os Bp - S

(A7)

cos 6y = EIE‘E; <}os Ba + g;

If both of these cosines are greater than unity in absolute value, then
6y = w. If one of the two cosines 1s less than unity in absolute value,
then that one will determine the value of 6y. If both of the cosines
are within the unity limits, then the equation giving the smallest wvalue
of 6y 1s the deciding one.
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To facilitate computation the equations can be put into dimenslonless

forms:
sin B,y

b sin 1 rsin by
Foop = ___._n_E'.L j; L Bbj; [%. sin By - (sin By cos By - sin By, cos By cos 9)]

Z
|:}-(- sin B - (sin By cos B, cos 6 - sin B, cos Ba):} de dY dX

2 cos B cos 2
[Z_,_+ 2z< - a _ Xﬁb>+,§-+)¥(—-2(cos Bg cos By - sin B, sin B, cos 6)]

(a8)

tan B
cOos Gu = Ei—n_ﬁ% <COS B—b - %>
y (49)

~

t
cos Oy = ';fnn_g_z <cos Ba + %{)

where

"~
"

o
0
Flo #le

(A10)

N
i
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-

CONFIGURATION FACTOR BETWEEN A CONE AND A SPHERE

The equations for the configuration factors between & cone and a
sphere are derived in a manner similar to the preceding section with
reference to figure 15.

2 1 .Wu eu
Fayp = %(%-) f f f [i— sin 8 -%(sin B cos ¥ + cos B sin ¥ cos 6):}
o \I/L o

l:%cos ¥ -%- X(cos B cos ¥ - sin B sin ¥ cos e)} X sin ¥ de dy dX

2 2 2
(x2+<§—> +(%> -2%(}( cos B +%cos W>+2X%(cos[3cosv-sin;3 sin ¥ cos 6)]

(A11)

W\ >
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¥y = tan H| X einp

-1 R/L
+ COS8
(8/L) - X cos B [(5/1)2 - 2x(8/L) cos B + X°1*'2

(A12)

The lower limit, Vp, is determined as the greater of the two values:

¥y, = 0 1
or
)
- tan * X sin B P R/L
VL= NS “ X cos B | T(8/L)% - 2X(8/L) cos B + X=]F/
(A13)

Equations (Al2) and (A13) have the additional restriction that

tan'1{X sin B/[(3/L) - X cos B]} ~ 0. The two expressions for 6, are
of the same form as in the previous case:

cos By = - zii i cos V¥ - %é%

- 1 L /R o)
cOB 91] 2 e | COB P cOB ¥ + = <~— - — COS8 \lf>

The method of determining which expression glves the desired value of Oy
is exactly the same as in the case of equation (A9) for the two cones.

CONFIGURATION FACTOR FROM A CONCAVE SURFACE TO ITSELF

The configuration factor from
a concave surface to 1ltself may be
readily calculated from simple rela-
tionships between surface areas.
When a plane surface is placed over
the open end of & concave surface, Ag
as shown in the sketch for the spe-
cial case of & cone, the reciprocity Surface b

~—

theorem states that X /
l/SUffOCO b

Fapfa = Fo-afp (a15)
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It is apparent that Fb-a = 1 since all radiant energy from surface b
is incident upon surface a and thus equation (Al5) may be written

Ay
Fa-b = A—' (Al6)
a

Since all energy leaving surface a strikes either itself again or
surface b, the summation of configuration factors from surface a must
be unity:

Fogeg *+ Fgp =1 (ALT)

Thus from equations (Al6) and (Al7) the configuration factor from sur-
face a to itself is determined as

=1 - = (A18)

If an obstructing surface is located within the concave surface,
resulting in a partial shielding effect, the preceding analysis 1s not
valid and the basic configuration factor, equation (9), must be used with
the limits of integration decreased accordingly. In the case of a cone
with a conical obstruction, the configuration factor equation is found by
previous methods to be

0 2 . 4 2 lay\ ez lay 4 lap d

. " 1 1 fu (1 - cos 8)” sin” B, cos® By ) 7)) a5 <) a6
a'a—;(sinB \/ j f [/, 0\2 1,.0\2 7 T RS
S (T R S R S R R

(A19)

where 1lg; and lgz are distances from the apex of cone a to dAg;
and dAgn,, respectively, on the surface and 6, 1s now determined by
the degree of obstruction by surface b.

- t - tan
6y = cos * —EE—ED cos Bg - —§—> + cos * -———E9 cos Bg - —§i;ﬂ
lao la

sin Ba gin Ba

(A20)

For no obstructing inner cone the upper limit of integration of 6 will
be

Oy = (a21)

T W\ >
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APPENDIX B
EFFECTS OF SPECULAR REFLECTIONS

The analytic study of the radiative heat transfer due to specular
reflections for the general class of shapes considered in the text is,
in general, not possible. The problem is one of not being able to express
analytically the process of reflections between two surfaces which "see"
each other. It 1s possible, however, to evaluate the lower and upper
1imits of the energy which can be transferred to these surfaces as &
result of those reflections. For illustration and for comparison with
the diffuse reflection results, these limits will be evaluated for the
case of the single-shield, conical-capsule configuration. It will also
be assumed that the surfaces still emit diffusely, which is a valid
assumption for many engineering materials. (See ref. 8.)

One exception to the sbove limitations occurs for the parallel solar
rediation incident on the shield. For this case, the effective solar
absorptance, (a51)EFF’ can be evaluated analytically by tracing an inci-

dent ray through the number of reflections which occur for any shield
angle. For a specular surface the incident ray of energy will be reflected
at an angle of reflection equal to the angle of incidence and mey or may
not strike the surface again, depending upon the geometry of the surface
and the position of the ray with respect to the apex of the cone. Upon
each succeeding reflection the angle of incidence is seen to increase

by 28 (see sketch) until the ray 1s reflected out of the cone.
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After n reflections the fraction of the ray's energy that is absorbed
is

m==-

1

m

gy Z (1 - agy)
m=0

It can be shown that the initially incident rays near the apex may be
reflected one more time than those near the edge of the cone. Thus, the
effective absorptance of the entire surface must be weighted by the sur-
face areas associated with the local effective absorptances. If A, 1is
the area over which the initially incident rays experience n reflections
and Ap., 1s the area over which the initially incident rays experi-

ence n=-1 reflections, the expression for specular effective solar
absorptance for the entire surface may be written

m=n-1 M=Ne2
%g1 m m
(OLSl)EFF = v An Z (1 -agy) +Ap-: Z (1 - agq) (B1)
1 m=0 m=o

An, Ap-1y end n may be easily determined graphically by ray tracing

for any conical shield of interest. Figure 16 shows the effective solar
absorptance as a function of shield seniiapex angle, B, at various values
of surface absorptance for both specular and diffuse surfaces. The flat
portions of the specular curve occur between 2nf = 180° and 2nB + B = 180°;
that is, after n reflections all rays are parallel to incident radiation
and parallel to the surface, respectively. It can be seen that some

rather large differences between (GSl)EFF for the two cases occur,

particularly when small cone angles and low solar absorptance materials
are combined.

For the example configuration, the limits of the specular reflection
analysis are determined from the consideration of reflected thermal
energy between surfaces. To obtain the lower limit of the energy which
can be transferred when specularly reflecting materials are concerned,
only the energy emitted by one surface that is initlally absorbed in the
other surface will be consldered (i.e., 8ll emitted energy which is
reflected is assumed to be dissipated to space). The pertinent equations
for this case can be developed from equations (11), (16), and (19).

The amount of solar energy absorbed by the first shield can again
be wriltten as

(B2)

e

Q51 = (C"sl )FFFAX

where (aSl)EFF for specularly reflecting surfaces is given in figure 16.
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The equations for energies emitted and absorbed for the shield are

Q§ = €1A;0T,* (B3)
* 4
Qz = €2A20T2 (B4)
Qi1 = WyFq-1€1A10T1* (B5)
Qo=z = WoFp-p€ahnoTo? (B6)
Qo2 = @oFo-phtb€c0Te® = O"2F2-CA.2Ec:Cch“' (BT)

The equations for energies emitted and absorbed for the capsule are

*
Qe = echooTc* (B8)
Qzec = GcFa-c€ohzoT2® (B9)
Qq = internal power of the capsule (B10)

Since the shield and capsule are in thermal equilibrium, heat
balances (utilizing equations (B2) through (B10)) on the shield and
capsule yield (as in the text)

-2 1/ 4
.= [(3134/1' ) + BoQy (B11)
BoBs =~ BsBs
and
=2 1/ 4
T, = [(BlBs/r ) + BaQy (312)
BoBs - BgBs _
where
By = (“51)EFFAXE (B13)
(B2)pip = €1820(1 - @Fy-1) + €2820(1 = agFa-z) (B1h4)
Bg = GazFa-cecAzc (Bl5)
(Badmin = %cFa—c€2fz0 (B16)
(Bs)pin = Eched (B17)

To determine the upper limit of capsule temperature due to specular
reflections, equations (B2) to (B10) will be modified as necessary to
maximize the total energy which could possibly be transferred to the
capsule. Of these, only eguations (B5) and (B9) need to be modified.
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Equation (B5) is modified to maximize the portion of that energy
emitted by the front face of the shield which is reabsorbed. This maxi-
mum occurs when o5 = 1, which, in effect, implies that this portion of
the emitted energy is subjected to an Infinite number of reflections
within the concave shield. Equation (B5) then becomes

Q1-1 = Fyo1€24,0T,* (B18)

The equation (B9) is modified by assuming that all energy reflected
from the back of the shield (the quantity (1 = as)Fo.pchseaoTe? +
(1 = a5 )Foen€ahsoTs®) is incident on the capsule and a fraction, ae, of
this incident energy is absorbed. The energy reflected from the capsule
is assumed to be dissipated to space. (This assumption is correct for
the single conical shield, 14.04° conical-capsule configuration
for O° < B < 127°.) Thus, equation (B9) is modified to

Qzec = QolFooe + (1 - %5 )Foun ] €ahooTo® + .1 - az)Fg_cAgeccTc4

(B19)

A heat balance on the capsule and shield utilizing equations (B2),
(B3), (B4), (B6), (BT), (B8), (B1O), (B18), and (B19) yields the usual
equations for the capsule and shield temperatures given by equations (Bll)
and (Bl12) where

By = (g1 )gpphAxE (B20)

(B2)pay = €2420(1 - Fie1) + €2820(1 = azFs.2) (B21)
Ba = WoFomchn€co (B22)

(Badpay = %clFa— + (1 = az)F2-zlezAz0 (B23)
(Bs)max = €cheo = ac(l - @p)Fa_cAzeco (B2k)

Energy transfer factors, T, were calculated from equation (51) for
the two cases of maximum and minimum energy transfer using equations (B21)
through (B24) and equations (B14%) through (B1T), respectively. The
results are shown in figure 17 as a function of shield semiapex angle
along with the diffuse reflection results. It is seen that the diffuse
case falls within the limits of the specular case and at « = € =1
all analyses agree. The region of greatest difference occurs at values
of B greater than 90° and at o = € <« 1. This difference results
primarily from the limits imposed on Qgec. In the lower 1limit, only
the energy emitted by the shield directly to the capsule may be absorbed
(see eq. (B9)). For the upper limit, all reflected energy from the back
of the shield is also included (see eq. (B19)). In the region of P <90°,

Uw Ul e
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it can be seen that the diffuse reflection analysis can be used as a
reasonable approximation of the energy transfer factor for specular
reflecting surfaces. For B > 90°, the large differences between the
diffuse reflection analysis and the limits of the specular reflection
analysis indicate that, in this region, the diffuse reflection analysis
may not be a good approximation for the specular case.
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APPENDIX C

EFFECTS OF THERMAL CONDUCTIVITY ON THE TEMPERATURE

DISTRIBUTION OF A CONICAL SHIELD

In the foregoing analysis the assumption of an isothermal shield
surface might possibly introduce serious errors into the calculated energy
radisted back to the capsule if either the shield conductivity is low or
the thickness is small. The temperature of the apex of a conical shield
in this case will be somewhat higher than the temperature of the edge as
e result of reflections and the restricted "view" of space that the inside
surface has near the apex.

The temperature gradient along the slant length of a cone isolated
in space subjected to solar radiation parallel to its axis will be deter-
mined as a function of thermal conductivity, thickness, semiapex angle, o
and €, and distance from the sun. The method of analysis will be similar
to that given by Nichols in reference 5.

At equilibrium there will be a balance between the net energy emitted
from a given volume element of the cone due to radiation and the heat con-
ducted along the cone into the element. Since the cone temperature is
assumed to be axisymmetric, the net heat conducted into the volume element
(see fig. 18) is given by

Net @ conducted in

- - dr) _ | . . ar |, @21 .|
kb d6 1 sin P dl> [kbda (1 +a1) 51n13<d—2—+dl—2d1J

. s} aT
kb d6 sin B 4l I <7, dl> (Cl)

The energy emitted from the outside surface of the cone is, of
course, determined from the temperature of the cone element. On the
inside surface, however, the problem is complicated by interactions
between the emitted and absorbed energies. To differentiate, let (1)
be the incident radiant flux and H(1) be the emitted radiant flux,
respectively, for the inner surface of any given element; these items
are exclusive of the initially incident solar flux. The net energy
leaving the volume element will then be

Net Q emitted = [H(l) + €cT4(1) - I(1) - ag <§%> sin B} @6 1 sin B dl
(c2)

AR AN >
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Since the volume element is in thermal equilibrium

XQ =0 (c3)

NET Q conducted in = NET Q emitted

kb d6 sin B dal é%-(} %%) = [H(Z) + eoT*(1) - (1) - ag §i> sin B] a6 1 sin B a1

(ck)
or
2 (1 %%-) = B(1) + eoT*(1) - I(1) - ag @Q sin P (c5)
H(1) is related to I(1) by the relation
(1) = eoT*(1) + (L - «)I(1) (c6)

I(1) is a result of flux emitted and reflected to the surface element
(this element shall be denoted by the subscript 1) from all the other
elements (any other element shall be noted by the subscript 2). The
radiation from any surface element dAp upon dA; is (see fig. 18)

cos fpl cOs CPE

a1(1,) = [H(Zz) +ote(l - ag) <§3—> sin a} = dhs (c7)

The purpose of the symbol ¢{ 1is to allow for two distinct cases;
(1) ¢ = O when the cone's vertex faces the sun and (2) ¢ = 1 when the
cone's vertex faces away from the sun.

Using methods described in appendix A it is possible to rewrite
cos ¢,, cos Pz, S, and dA, into functions of variables 13, lz, and Qa
where 641 1s arbitrarily equal to zero. The radiation incident upon dAj
from the entire cone is then

L peax 1 - 6,)2 cos? B sin® B 1,12 dlp 48
(1) = U[‘ Jf [H(Iz) 4t - ag) é%) cin B} ( cos B2)° cos® B s B 1,1z 2 48>
[o] o

a[142 + 12° - 21;1(cos2 B + sin? B cos 8:)1°

(c8)
which may be put in the form

1(1y) = fL H(12) + £ - %) Z) etn ﬁ} K(l1, 12) dla  (C9)

r
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where
cos2 B sin3 B 1,157 an (1 - cos 682)° 62
K(ll: 7‘2) = S >
n o [1:° + 15° = 21315(cos® B + sin2 B cos 63)]
(cLo)
Thus, there are now three unknowns (H I, and T) and by solving
simultaneously equstions (C5), (C6), (09) an equation for T 1is

obtained:

kb d aT(1,)] _ 4 E>
.Ll dll [:11 dZ = 2€eaT (7,1) Qg r:—' sin B
Kb d dT(22) ] 2 @
+ (1L - a)b/\-{ [ 2 333 - S eoT (12)

- - (1 =
+.“s fa - E - {Jog <§%> sin e} K(11,12) dlz

(c11)

For the purpose of the present report only the extreme limits of
thermal conductivity (i.e., kX = O and k = ) will be studied and compared
with the analysis developed within the report. The resulting equation
will be simplified by the assumption that the solar absorptance is the
same as the thermal absorptance (i.e., ag = ).

INFINITE CONDUCTIVITY

For the case of infinite conductivity T becomes a constant and,

because k -+ o,
=L < f)—»% (c12)

even though (dT/dZ) - O where Q i1s a finite quantity representative of
a rate of heat conduction into the elemental volume.

With the substitution
Q_2~a o _ E) o
% - = eoT + (1 = &) ) sin B

R = fa =—> sin B

1 -a

(c13)

oW
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equation (Cll) becomes a Fredholm integral equation

L
£(12) =1 + (1 - a)f 6(12)K(12, 12) dla (c14)
(@]

If it is assumed that no heat is radiated from the edge of the cone,
then the boundary condition for determining T 1s that the summation
of Q must be zero over the entire cone and can be written

fQ, ar =0 (c15)

When this operation 1s performed upon equation (Cl13) the required
equation for the isothermal temperature is obtailned:

L
(1 -a) <I-§-2->sin[3 Lé'g+fgl 118 dly

T4 = C16
— - (c16)
2‘“-af 116 dly
2 o
ZERO CONDUCTIVITY
Tor the case of k = O the substitution
2a(1 g a)él - ¢) <§%> ein B - 2eoT
£ = (c1T)
a E
- g et + (1 - 20)] (g5) sin B

will reduce equation (Cl1) to a Fredholm equation of the previous type:

L
£(11) =1 + < - %)b/\ e(12)K(1y, 12) dlz (c18)
o

The temperature along the cone is then determined by equation (€17)

T4(Zl) =

a(l -(:)ng:m B [1 e ¢+ (aiei(i - 2¢) g(zl):l

(c19)
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The calculation of the solutions to equations (Cl4) and (C18) is,
of course, the same since the two equations differ only by a constant.
Numerical solutions to be presented were obtained on an IBM 704 computer
using the iterative procedure developed 1In reference 9.

In figure 19 the results of equation (Cl6) for k =« and
equation (C19) for k = O are presented for the special case of a 450
cone whose apex faces away from the sun. These values of temperature
are compared to the isothermal shield temperature obtained from equa-
tion (31) in the Analysis section when the shield is alone in space
(1.e., Faee = Fouz = 0). Tt is seen that the magnitude of the tempera-
ture difference over the length of the cone, for the case of zero
conductivity, becomes less as o = € becomes larger. Thus, if a highly
reflective shield material were used, the gradient experienced would be
greater than if a highly absorptive one were used and the chance of
locally exceeding the maximum allowable temperature is greater. The
method of analysis presented in the text of the report compares very
favorably to the infinite conductivity analysis presented herein.

W\ e

An energy transfer factor, T, may be calculated from equations (31)
and (51) by finding the shield temperature due only to solar irradiation
and equating with the expression for 1. The equation thus obtained,

eAooT %P2

(Cc20)
ByBs/Ba

was applied to the single-shield, solar-probe configuration and the
results are shown in figure 20. The limiting values of energy transfer
factor for the case of zero conductivity were calculated using the apex
temperature (maximum) and the edge temperature (minimum). The isothermal
analysis developed within the text of the report is seen to fall between
these two limits.
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Figure 1.- Capsule temperature change as a function of the ratio cho/Qi

for vehicles which travel from the earth to various distances from
the sun.
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160 —
———Diffuse reflections (eq. (46))
------- Limits for specular reflections H
(appendix B) !
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Conical-shield semiapex angle, B8, deg

Figure 12.- Capsule temperature change as capsule travels from T = 1.0
to 0.1 as a function of shield, semiapex angle for diffuse and
specular reflectlon analyses; single=-shield solar-probe configuration.
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Figure 16.=- Variation of effective solar absorptance for conical shields;
diffuse and specular reflections.
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[ ——— Diffuse reflection analysis

————— Limits for case of specular reflections
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Figure 17.- Energy transfer factors for the diffuse reflection analysis
and the limiting values for specular reflections.
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680 - Zero conductivity
------ Infinite conductivity
— —Analysis from text
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Figure 19.- Effects of thermal conductivity upon the temperature distri-

bution of a 45° conical shield for incident solar radiation;
¥ =1.0A.U.
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